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Abstract 16 
 17 
Breeding for improved reproductive frost tolerance could allow greater yield and economic 18 
benefits to be achieved by (i) reducing direct frost damage and (ii) allowing earlier sowing to 19 
reduce risks of late-season drought and/or heat stresses. We integrated APSIM-Wheat 20 
simulations with economic modelling to evaluate economic benefits of virtual genotypes with 21 
different levels of frost tolerance for the Australian wheatbelt.  22 
Results highlighted substantial potential national economic benefits, with estimated industry 23 
profit increasing by (i) more than 55% for virtual genotypes with improved frost tolerance in 24 
silico, by (ii) 115% when sowing date was optimised for virtual frost-tolerant genotypes, and 25 
by (iii) an extra 35% (i.e. 150% in total) when using optimal nitrogen application. The total 26 
benefit potential was estimated at AUD 1,890 million per annum if all these improvements 27 
could be combined. Regional benefits varied. In the West, the main benefits arose from 28 
improved frost tolerance reducing losses due to direct frost damage and applying additional 29 
nitrogen. In the East, earlier sowing allowed by tolerant genotypes resulted in large economic 30 
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benefit. Overall, the analysis suggests significant economic benefits to the Australian wheat 31 
industry, should a source of frost tolerance be found. 32 
 33 
Keywords: frost, wheat, crop modelling, economic modelling, national assessment, Australia, 34 
breeding, ideotype. 35 
1. INTRODUCTION  36 
Reproductive frost can cause severe reductions in wheat yield, in countries like Australia 37 
(Fuller et al., 2007; Zheng et al., 2015). Wheat seasonal temperature increased by about 38 
0.012oC yr–1 from 1957 to 2010, i.e. an increase of 0.6oC over the last 50 years for the wheatbelt 39 
(Zheng et al., 2016). However, frost has been an increasing problem in wheat, with increasing 40 
frequency of frost especially in the southern wheatbelt over the last six decades (Crimp et al., 41 
2016) and consequently potential yield losses across the wheatbelt (Zheng et al., 2015).  42 
With global climate change, the annual mean temperature in Australia is anticipated to increase 43 
by between 0.4 and 2.0oC above 1990 levels by 2030 (Preston and Jones, 2006). While the 44 
date of extreme events cannot be predicted, climate models project an increase in the 45 
occurrence of hot days, fewer total frost days (Stone et al., 1996; Collins et al., 2000), and 46 
earlier occurrence of ‘last frost’ and ‘first heat’ events within the wheat growing season (Zheng 47 
et al., 2012). However, given the acceleration of crop development due to warmer temperature 48 
(Lobell et al., 2015; Zheng et al., 2016), risks of frost are likely to remain a major issue for the 49 
wheat industry over the coming decades (Zheng et al., 2015).  50 
Frost is a major constraint to wheat production in Australia, and an appropriate combination 51 
of sowing date and variety maturity type is crucial to minimise the risks of stresses such as 52 
frost, heat and drought around flowering and during the grain filling period (Zheng et al., 2012; 53 
Zheng et al., 2015). In frost-free regions of Australia, early sowing is an appropriate strategies 54 
to maximize yield through optimising radiation interception in the winter and avoiding drought 55 
stress in the spring grain-filling period (Anderson et al., 1996). In frost-prone regions, later 56 
planting is typically required to reduce risks of frost around flowering, but this increases the 57 
risk of drought and heat stress during grain filling limiting the extent to which sowing can be 58 
delayed (Flohr et al., 2017). Although the date of first sowing is decided in advance by some 59 
farmers (dry sowing, with emergence occurring after rain (Fletcher et al., 2015)), in most areas 60 
sowing is heavily dependent on the occurrence of a rainfall event (autumn break) (Pook et al., 61 
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2009). In Australia, farmers are advised to choose suitable varieties which, when sown after 62 
the autumn break at their location, will develop with minimum risks of reproductive frost and 63 
of other stresses around flowering and during grain filling (Dennett et al., 1999; Zheng et al., 64 
2012; Frederiks et al., 2015; Flohr et al., 2017)  . 65 
A highly sought alternative to reduce frost impact is to develop varieties with increased levels 66 
of frost tolerance. Breeding for improved reproductive frost tolerance may allow greater yield 67 
and economic benefits to be achieved, as (i) direct frost damage could be reduced; (ii) crops 68 
could potentially be sown earlier to reduce risks of late-season drought and/or heat stresses; 69 
and (iii) additional inputs, such as fertiliser, could become more viable.  70 
This study aims to provide insights into the impact of frosts and to quantify the economic 71 
benefits of different improved levels of post-heading frost-tolerance. While no genetic source 72 
for post-heading frost tolerance has yet been identified, the search remains an active area of 73 
research and it is possible to estimate the economic benefits of potential frost tolerant 74 
genotypes based on simulation of virtual genotypes with different levels of improved frost 75 
tolerance. Estimates of such benefits also provided an estimate of current frost costs, by 76 
providing an estimate of income forgone due to the absence of such frost tolerance. Here, crop 77 
model simulations were integrated with economic modelling. The APSIM-Wheat crop model 78 
(7.6) was adapted to account for frost (Zheng et al., 2015) and used to simulate current and 79 
improved frost tolerance of wheat genotypes sown at one day intervals within a fixed sowing 80 
window from 1 April to 30 June at 59 sites representing similar cropping area within the 81 
Australian wheatbelt (Chenu et al., 2013). The simulations were conducted either for current 82 
local fertiliser practices or with additional nitrogen to adapt local practices to better frost-83 
adapted genotypes that can be sown earlier. Importantly, the analysis was done for long-term 84 
optimal sowing date defined as the sowing date corresponding to the highest long-term gross 85 
margin. This economic model was developed to identify strategies for optimal profits 86 
(including optimal sowing dates of frost-tolerance genotypes and optimal additional nitrogen 87 
levels) rather than for optimal yield per se. It is good to keep in mind though that to reach 88 
optimal yield or economic benefit, a farmer would need to have full prior knowledge of the 89 
seasonal weather and market prices in order to optimise variety and management every season. 90 
The overall frost impacts were quantified in terms of yield and economic benefits for different 91 
levels of postulated breeding achievement relative to current levels of frost tolerance in 92 
Australian cultivars. Economic benefits were estimated in terms of cost per hectares (in AUD 93 
ha–1) at specific locations, as well as at the agro-ecological, regional and national levels. In 94 
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addition, the total cost in AUD was calculated for the agro-ecological zones and at the national 95 
level. 96 
2. METHODOLOGY  97 
2.1 Overview  98 
The analysis integrated crop-model simulations with a gross margin function to achieve 99 
optimal profit for different levels of frost tolerance in wheat, based on sowing, nitrogen 100 
application and yield performance at 59 representative locations of the 12 agro-ecological 101 
zones across the Australian wheatbelt (Fig. 1; Table S1). Note that agro-ecological zones with 102 
limited production were not considered, i.e. QLD Atherton, QLD Burdekin, Tas Grain, Vic 103 
High Rainfall, WA Mallee and WA Ord. For each location x sowing date combination (sowing 104 
at a 1d interval), an average yield was calculated for the 1957-2013 period. The mean yield 105 
distribution was obtained for each site by calculating the average yield at each sowing date for 106 
the whole sowing window (from 01-April to 30-June). The mean yield distribution or ‘yield 107 
function’ at each site was used to determine the gross margin function (Fig. 2) and identify the 108 
optimal sowing day corresponding to the maximum gross margin (profit) for current local 109 
cultivars (threshold of 0oC) and the frost tolerant virtual genotypes (threshold below 0oC).  110 
Given the uncertainty in the air-temperature threshold for which wheat crops experience post-111 
heading damage, national benefits are also estimated for threshold temperatures of –1°C and 112 
–2°C. 113 
2.2 Crop simulations  114 
The development and yield of wheat crops were simulated using the APSIM 7.6 model 115 
(Holzworth et al., 2014) with a wheat phenology gene-based module (Zheng et al., 2013), a 116 
frost-impact module (Zheng et al., 2015) and a heat-impact module (Bell et al., 2015). 117 
Simulations were conducted for 59 representative sites from the East, South-East, South and 118 
West of the Australian wheatbelt (Fig. 1, Table S1; Chenu et al., 2013) from 1957 to 2013, 119 
using daily climatic data from the SILO patched point data set (Jeffrey et al., 2001) and an 120 
atmospheric CO2 level of 350 ppm. Widely-grown mid-maturing local cultivars were used in 121 
simulations for each region; namely Baxter in the East, Janz in the South and South-East and 122 
Mace in the West. Genotypic values for the parameters tt_floral_initiation (thermal time from 123 
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floral initiation to flowering), photop_sens (photoperiod sensitivity) and vern_sens 124 
(vernalisation sensitivity) of the gene-based module were 635, 1.1 and 0.6 for Baxter; 675, 0.9 125 
and 0.6 for Janz; 635, 0.9, 0.9 for Mace, respectively (Zheng et al., 2013).  126 
The estimates of yield reductions caused by crop frost damage were generated as described by 127 
Zheng et al. (2015).  Frost susceptibility of wheat varies with growth stage. Wheat is most 128 
frost tolerant in the vegetative stages with susceptibility increasing with plant maturity. In the 129 
Australian wheatbelt, the impact of vegetative frost is low due to the low frequency of frost 130 
occurrence during this period. The impact of vegetative frost was thus not included in the 131 
model (Zheng et al., 2015). 132 
Wheat becomes more susceptible to frost when the spike emerges from the flag leaf sheath 133 
(i.e. first awns visible, Zadoks stage Z49; Single, 1964). Sensitivity to frost increases after the 134 
awns or spikes start to emerge from the flag leaf (Livingston and Swinbank, 1950; Single, 135 
1964; Paulsen and Heyne, 1983). In the model, post-heading frost was estimated at the field 136 
level and the plant phenology was simulated for average growing stages. However, in reality, 137 
spikes of different tiller cohorts emerge both before and after the field average reaches Zadoks 138 
stage Z49. To approximate the distributions of exposed heads at susceptible post-heading 139 
stages, a multiplier was applied from 1 (i.e. no yield loss) at the late-booting average stage 140 
(Z45) followed by a linear decrease to 0.1 (i.e. 90% yield loss) against Zadoks score up to mid-141 
heading (Z55), when almost all tillers would have reached the susceptible post-heading stage 142 
(Z49). Maximum susceptibility (i.e. all tillers susceptible) was then maintained until the start 143 
of dough development (Z80), with a constant yield multiplier of 0.1 (i.e. 90% yield loss) over 144 
the developmental period Z49-Z80 for each day with a minimum temperature below a 145 
threshold of 0oC. After Z80, the yield multiplier was linearly increased over time (from 0.1 to 146 
1) up to the completion of dough development (Z89) after grain development was nearly 147 
completed.  148 
The only reliable source of long-term temperature records for the entire Australian wheatbelt 149 
are climatic data measured in a Stevenson screen. However, Stevenson-screen measurements 150 
are typically several degrees higher than the temperatures of the crop canopy during radiant 151 
frost events (Marcellos and Single, 1975; Frederiks et al., 2011, 2012). Wheat crops experience 152 
damage post-head emergence at canopy temperatures several degrees below 0°C (Single, 153 
1985; Frederiks et al., 2012). To determine a Stevenson-screen temperature threshold, Zheng 154 
et al. (2015) assessed temperatures from –5 to +2°C in one degree increments and determined 155 
that overall, a threshold temperature of 0°C best explained major recent incidences of frost 156 
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damage. Simulations using 0°C threshold predicted heading dates after the main, mid-winter 157 
frost risk period, when sowing dates recommended by industry guidelines were used for 158 
known frost-prone areas (Hollaway, 2014; Mathews et al., 2014; Shackley et al., 2014; 159 
Wheeler, 2014). Hence, a 0°C threshold was used in the model base simulations.   160 
Other researchers have suggested lower threshold Stevenson screen temperatures for frost 161 
damage (e.g. Bell et al., 2015; Flohr et al., 2017). For this reason, we also present economic 162 
estimates for threshold temperatures of –1°C or –2°C (FT1 or FT2), for comparison to those 163 
with 0°C (FT0). 164 
To estimate the potential economic benefits of genotypes with improved reproductive-frost 165 
tolerance, simulations were conducted for current and virtual genotypes with different 166 
sensitivities for post-heading frost, using the frost model developed by Zheng et al. (2015). As 167 
mentioned, current Australian wheat varieties were considered to be affected by post-heading 168 
Stevenson screen temperature below 0oC (i.e. frost tolerance of 0oC; FT0). Virtual genotypes 169 
were generated with damage threshold temperatures ranging from –1oC to –5oC, i.e. frost 170 
tolerance to –1oC to –5oC, respectively (FT1 to FT5). Total frost tolerance (FTtot) was also 171 
simulated, representing a virtual genotype that is insensitive to frosts of any temperature. 172 
 173 
Fig. 1: Australian map with the 59 representative sites used for modelling studies, the four 174 
regions of the wheatbelt (Chenu et al., 2013) and the 12 studied GRDC agro-ecological zones 175 
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(Stephens, 2011). Note that agro-ecological zones with small production (e.g. QLD Burdekin, 176 
Tas Grain, WA Ord) were not studied here and hence not shown in the map. The abbreviations 177 
in black correspond to the Australian states of Queensland (QLD), New South Wales (NSW), 178 
Victoria (VIC), South Australia (SA), and Western Australia (WA) as well as the Northern 179 
Territory (NT).  180 
To characterise the potential of new management practices allowed by improved frost-181 
threshold levels, simulations were conducted for different sowing dates and different 182 
fertilisation levels optimised for the different levels of improved frost tolerance. These 183 
simulations allowed estimation of ‘indirect frost impact’ (Fig. 2). In simulations, crops were 184 
sown every date within a sowing window from 1 April to 30 June. This is a sowing window 185 
wider than that used in current local farming practices. Baseline nitrogen fertiliser application 186 
(‘Current N’) used in the simulations varied with location and seasonal rainfall to reflect local 187 
agronomic practices (Table S1; Chenu et al., 2013). Briefly, nitrogen was applied at sowing, 188 
at start of stem elongation (Zadoks Score 30, Z30; Zadoks et al., 1974) and/or the stage flag 189 
leaf visible (Zadoks Score 37, Z37) depending on the location, rainfall and plant available 190 
water content in the soil (Table S1; Chenu et al., 2013). To identify potential improvement in 191 
management practices when using frost-tolerant genotypes, simulations were also performed 192 
with additional potential levels of nitrogen ranging from +20 to +140 kg ha–1, with 20 kg ha–1 193 
intervals. The extra nitrogen levels were applied differently depending on the location and 194 
season: they were either 1) evenly distributed at Z30 and Z37 if fertilisation occurred both at 195 
Z30 and Z37, 2) at Z30 only if no fertilisation occurred at Z37, 3) at Z37 only if no fertilisation 196 
occurred at Z30, and 4) at sowing if no additional fertilisation occurred during the crop cycle. 197 
Simulations were initialised with soil water contents at sowing set to five levels each 198 
representing 20% of long-term conditions encountered for each site (Chenu et al., 2013). In 199 
the analysis, yield from crops sown at the same site and on the same date were averaged across 200 
the five levels of initial soil water, as these five levels had been shown to have approximately 201 
equal chance of occurrence (Chenu et al., 2013).  202 
2.3 Averaged field direct and indirect economic benefits (in AUD ha-1) at the site, 203 
region and nation levels 204 
Gross margin (GM) analysis was employed to estimate the economic benefits of post-head 205 
emergence frost tolerance improvements. For each level of improved frost tolerance, economic 206 
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benefits were assessed when changing either (i) solely the level of frost sensitivity, which is 207 
referred to as the ‘direct benefit’ or (ii) both the level of frost sensitivity and the management 208 
(sowing date and/or N fertiliser rate), which is referred to as the ‘direct plus indirect benefit’ 209 
(Fig. 2). A key component of this analysis was the integration of APSIM simulations with a 210 
gross margin function to achieve an optimal profit (or optimal gross margin), based on sowing, 211 
nitrogen application, frost tolerance level, and yield performance. This approach is considered 212 
more for farmers than solely maximising yield per se, even though the results only differ when 213 
costs vary, i.e. when different amount of nitrogen fertilisation is applied (e.g. change in sowing 214 
dates or simulations with extra nitrogen application).   215 
For each site, a generalised long-term mean gross margin (GM) function was used: 216 
    GM , , , ( , , ) ( , )ist N FT f P Y st N FT X X st N     (1) 217 
where st is the sowing time from 1 April to 30 June; N is the potential additional nitrogen level 218 
from 0 to 140 (kg ha–1) in 20 kg ha–1 increments; FT is the frost tolerance level from FT0 to 219 
FTtot; f is the revenue function and depends on wheat price P (AUD t
–1) and wheat mean yield 220 
function Y (t ha–1). The yield function here is similar to the concept of production function 221 
(An-Vo et al., 2015a; An-Vo et al., 2015b). The wheat prices used in our modelling are average 222 
prices over 10 years from 2002/03 to 2011/12 and are specific to each agro-ecological zone 223 
(Tables 1, 2 and S2). Xi are average input costs over 10 years from 2002/03 to 2011/12, 224 
including costs associated with seed, crop protection, repair and maintenance (R&M), fuel, 225 
machinery, insurance, other costs (Table 1) and grower current N application rates for each 226 
site (‘Current N’). Average ‘Current N’ was estimated in each crop simulation based on local 227 
agronomic practice, with fertilisation amount depending on rainfall and soil moisture 228 
constraints at key developmental stages. ( , )X st N  is the input cost as a function of long-term 229 
mean nitrogen applications additional to ‘Current N’ (‘Additional N’) and the sowing time. 230 
The fertiliser costs associated with the total N amount (i.e. ‘Current N’ and ‘Additional N’) 231 
are estimated based on the N application and urea price: 232 
 
 
 
1
1 1
N amount kg ha 100
Fertiliser cost AUD ha Urea price AUD t
1000 46

    .  (2) 233 
The urea price was estimated to be the average urea price over 10 years from 2002/03 to 234 
2011/12, i.e. AUD 564 t–1 (sourced from ABARES Australian Commodity Statistics).  235 
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 237 
Fig. 2: Conceptual framework for assessing the direct economic benefits of frost improvement 238 
and the indirect benefits arising from possible (i) changes in sowing date without or with (ii) 239 
additional fertilisation (‘Additional N’). Gross margin responses to sowing date (gross margin 240 
function) are schematised for long-term average (1957-2013) for current cultivars (FT0), 241 
improved frost tolerant genotype FT1 (frost tolerance to –1oC) and complete tolerance (FTtot). 242 
Note that the gross margin functions with both ‘Current N’ and optimised ‘Additional N’ (FT1 243 
at N1 and FTtot at Ntot) are presented for FT1 and FTtot. Direct economic benefit corresponding 244 
to gross margin differences for the same management practices (i.e. the same sowing date and 245 
‘Current N’) are represented by a1 – a0 or atot – a0, where a0, a1 and atot represent the gross 246 
margins obtained for genotypes FT0, FT1 and FTtot, respectively, at the optimum sowing of the 247 
reference genotype FT0  ( 0,0st ). The indirect economic benefit related to earlier sowing date 248 
(‘indirect benefit for sowing’) correspond to profit gain achieved when adapting the sowing 249 
date to each of the considered genotypes, and are represented by b1 – a1 or btot – atot; where b1 250 
and btot represent the maximum profits that can be obtained at optimal sowing date for FT1 (251 
1,0st ), and FTtot ( tot,0st ), respectively. Additional profit gains are similarly estimated by 252 
adapting the N fertiliser rate, i.e. c1 – b1 or ctot – btot, where c1 and ctot represent the maximum 253 
profits that obtained at optimal sowing date for FT1 (
11,N
st ) and FTtot  (
tottot,N
st ). 254 
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Table 1: Estimated average annual wheat price (AUD t–1) and input costs (AUD ha–1) excluding fertilisers costs for the studied agro-ecological 255 
zones across the Australian wheatbelt. Costs are averaged for the 10 year period from 2002/03 to 2011/12 analysed and provided by Neil Clark 256 
Business Intelligence (from ABARES data sources). The input costs do not include the fertiliser cost which is estimated based on the amount of 257 
fertiliser used in each of our simulations (equation (2)). R&M stands for repair and maintenance. 258 
Agro-ecological zone 
 Wheat 
price 
   Input costs      
Seed Crop protection R&M Fuel Machine Insurance Other costs* Total 
QLD Central 246 29.4 61.3 26.8 34.2 73.5 11.5 48.0 284.6 
NSW NE/QLD SE 238 15.4 43.7 20.2 28.3 66.7 12.7 29.4 216.4 
NSW NW/QLD SW 237 15.4 38.0 20.2 28.3 66.7 9.3 24.9 202.8 
NSW Vic Slopes 235 15.4 45.6 20.2 28.3 66.7 10.3 27.0 213.6 
NSW Central 234 15.4 41.8 20.2 28.3 66.7 10.5 24.9 207.8 
SA Vic Bordertown-Wimmera 245 21.6 46.0 19.4 27.6 52.7 5.1 9.6 182.0 
SA Midnorth-Lower Yorke Eyre 253 16.6 39.6 21.6 26.3 49.7 4.7 65.1 223.6 
SA Vic Mallee 249 21.6 46.0 19.4 27.6 52.7 3.2 9.6 180.1 
WA Sandplain 263 19.3 56.6 24.8 30.9 56.8 5.3 48.2 241.8 
WA Central 264 19.3 56.6 24.8 30.9 56.8 5.8 48.8 243.0 
WA Eastern 263 19.3 56.6 24.8 30.9 56.8 5.0 43.8 237.2 
WA Northern 263 19.3 56.6 24.8 30.9 56.8 5.4 48.3 242.0 
*Other cost include: 
1. Cartage of grain to local depot because the grain is priced at local depot in calculating income 
2. General insurance 
3. Professional fees, including agronomy, soil tests, telephone and electricity etc.  
4. Motor vehicles (utes, motor bikes etc.)  
259 
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For each location and each cultivar, an average yield was calculated for the period 1957-2013 260 
for each sowing date. A long-term mean yield function Y was constructed based on the average 261 
yield for each sowing date within the sowing window, which allowed estimation of the gross 262 
margin function using equation (1). The optimum sowing day, resulting in the maximum mean 263 
gross margin across years, was identified for the control cultivar (FT0). ‘Direct economic 264 
benefit’ was assessed by comparing the gross margin of the control (FT0) with the gross margin 265 
of each virtual frost tolerant genotype (FT1–tot) cultivated with the same management practices 266 
(Fig. 2), i.e. same N application rate and same optimum sowing date as the control. The long-267 
term mean Direct Benefit (DB in AUD ha–1) for each site, for example for FTtot was obtained 268 
as: 269 
      tot 0,0 tot 0,0 0DB FT GM ,0,FT GM ,0,FTst st    (3) 270 
where 0,0st  is the economically-optimal sowing time for a reference cultivar with the current 271 
frost tolerance level  (FT0) with Current-N fertiliser rate (i.e. 0 Additional N, Fig. 2), i.e. the 272 
sowing time is such that: 273 
     0,0 0 0GM ,0,FT max GM ,0,FTst st  (4) 274 
For the ‘direct plus indirect economic benefit’, ‘optimum’ gross margin of frost-tolerant virtual 275 
genotypes (FT1–tot) was calculated by (i) re-estimating the optimum sowing date of each 276 
genotype, while considering their respective levels of frost-tolerance, and (ii) without or with 277 
optimising the N fertiliser level (Fig. 2). The long-term mean indirect benefits (IB in AUD ha–278 
1) for each site, for example for FTtot (compared to FT0), are the sum of long-term benefits 279 
arising from two management factors, the sowing time and additional nitrogen application. 280 
The long-term mean indirect benefit owing to changing the sowing time only ( IBst in AUD 281 
ha–1) was calculated as: 282 
      tot tot,0 tot 0,0 totIB FT GM ,0,FT GM ,0,FTst st st    (5) 283 
where tot,0st  (Fig. 2) is the optimal sowing time of FTtot with ‘Current N’ fertiliser rate, i.e. the 284 
sowing time such that: 285 
     tot,0 tot totGM ,0,FT max GM ,0,FTst st   (6) 286 
The long-term mean indirect benefit related to new nitrogen applications ( IBN in AUD ha
–1) 287 
was calculated as: 288 
      
tottot tot, tot tot tot,0 tot
IB FT GM , ,FT GM ,0,FTN Nst N st    (7) 289 
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where 
tottot,N
st (Fig. 2) is the optimal sowing time of FTtot with optimal additional fertiliser level 290 
totN , i.e. 291 
     
tottot, tot tot tot
GM , ,FT max GM , ,FT .Nst N st N  (8) 292 
Unlike (3) and (5) where only one variable (sowing time) is optimised, in (7) two variables 293 
(sowing time and additional nitrogen level) were optimised (Fig. 2). Overall, the long-term 294 
mean indirect benefit at a site for FTtot is calculated as: 295 
      tot tot totIB FT IB FT IB FT .st N    (9) 296 
The long-term mean net benefit at the site level ( NBs  in AUD ha
–1) is a simple aggregation 297 
of direct plus indirect benefits: 298 
 tot tot totNB (FT ) DB(FT ) IB(FT ).s     (10) 299 
2.4 National direct and indirect economic benefits (in AUD)  300 
The economic benefits from the field level (AUD ha–1) were also up-scaled to estimate the 301 
gain to the whole industry (in AUD).  302 
First, the net benefit at an agro-ecological zone z ( NBz  in AUD ha
–1) was calculated by: 303 
  
 
 
tot
1
tot tot
1
1
NB FT
1
NB FT NB FT
n
s s n
s
z sn
s
s
s
S
n
S




 



  (11) 304 
Where n is number of sites in an agro-ecological zone and sS is wheat cropping area 305 
represented by each site. Note that each site in our simulation study represented a similar area 306 
of wheat cropping (Chenu et al., 2013) so that the equation could be simplified as done in the 307 
second part of equation (11).  308 
Finally, total net benefit (TBN, in AUD) of an agro-ecological zone z is calculated by:   309 
      tot tot tot
1
1
TNB FT NB FT NB FT
n
z z z s z
s
S S
n 
      (12) 310 
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Where zS is the historical average wheat cropping area of the agro-ecological zone. In our 311 
calculation, historical average area for 10 years was used in each agro-ecological zone (Tables 312 
2 and S3).  313 
For each frost tolerance level (FT1-tot), the DB, IB, and NBs for each site and the NBz  and 314 
TNBz for each agro-ecological zone were estimated using the same steps as those described 315 
for FTtot above and in equations (3), (9), (10), (11) and (12), respectively. The summation of 316 
TNBz at all 12 studied agro-ecological zones provided the total net benefit at national level. 317 
While economic benefits were primarily estimated for a current frost damage threshold 318 
temperature of 0°C (FT0 as a baseline), national benefits were also estimated for threshold 319 
temperatures of –1oC and –2oC as baselines to account for the uncertainty related to estimation 320 
of the threshold air temperature (measured in Stevenson screen) under which frost damage 321 
occurs.    322 
3. RESULTS 323 
The present approach allows estimation of not only direct and indirect economic benefits but 324 
also associated yield benefits, while been different from a direct optimal yield approach 325 
(Zheng et al., 2015). The yield and economic benefits of improved frost tolerance were firstly 326 
quantified for the case of current management practices (i.e. no change in sowing date or 327 
fertilisation level). These ‘direct’ benefits were defined for tolerant genotypes sown at the same 328 
optimum date as for current local cultivars and with current local season-specific fertilization 329 
practices (Table S1; Chenu et al., 2013).  The ‘indirect’ benefits from a change in sowing date, 330 
without or with additional nitrogen application levels were then quantified by means of 331 
equations (5, 7) to assess the benefit of adapting grower management. Our analysis assumed 332 
that no change in price will result from higher volumes of production or any change in grain 333 
quality brought about by the postulated changes.  334 
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3.1 Frost-tolerant wheat crops cultivated with current fertilizer practices - Yield 335 
and economic benefits to farmers 336 
The indirect benefit in this section means the indirect benefit owing to changing the sowing 337 
time only ( IBst ; equation (5)). 338 
3.1.1 Frost tolerance would allow earlier sowing, especially in the East and South-East of the 339 
wheatbelt 340 
Improved frost tolerant varieties would allow growers to plant wheat earlier (Table S1) to 341 
avoid risks of late-season drought and/or heat stress and hence greater yield could be achieved. 342 
The potential to sow earlier generally increases with improved frost tolerance levels. It is noted 343 
that the optimal sowing dates in Table S1 are different from those previously reported by 344 
Zheng et al. (2015), as they relate to gross-margin optimisation and not yield optimisation. In 345 
the current study, a wider potential sowing window, from 01-April to 30-June, was also 346 
allowed compared to the window from 01-May to 21-June used by Zheng et al. (2015). We 347 
observed notable potential for early sowing for lines with improved frost tolerance at some 348 
sites. For example, with improved frost threshold temperature to –1oC (FT1) compared to 0oC 349 
(FT0), the optimal sowing dates averaged 35, 30, and 23 days earlier at Walpeup (South), 350 
Condobolin (East), and Corrigin (West), respectively. With total frost tolerance (FTtot), the 351 
optimal sowing dates averaged 68, 67, and 63 days earlier than the control (FT0) at Condobolin 352 
(East), Glenlee (South-East), and Salmon Gums (West), respectively. However, it should be 353 
noted that in the current study we did not examine some potential impediments to the use of 354 
the earliest suggested sowing dates, such as high soil temperatures influencing coleoptile 355 
emergence, for example (Rebetzke et al., 2016). 356 
Nationally, long-term average of 5, 14, 16 and 18 days earlier sowing were found to maximise 357 
gross margins for FT1, FT2, FT3–4 and FT5–tot, respectively (Fig. 3a). Hence, most of the 358 
potential shift in sowing date (18 days for FTtot) was achieved for a tolerance to –2oC (14 days 359 
for FT2), while further improvement in frost tolerance (FT3-tot) only had a limited impact on 360 
the wheat optimal sowing date.  361 
Of the four Australian regions studied (Fig. 1), earlier potential sowing dates were simulated 362 
in the East and South-East for all improved frost threshold levels. In these regions, totally 363 
removing the frost sensitivity of genotypes (FTtot) resulted in optimal sowing shifted by 34 and 364 
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45 days earlier on average for the East and South-East respectively (Fig. 3b,c). This was in 365 
stark contrast to most sites in the South and West where little or no change in average optimum 366 
sowing dates was simulated (Fig. 3d,e). 367 
  368 
Fig. 3: Change in the long-term optimal sowing dates between the current local cultivars (FT0) 369 
and genotypes with improved frost tolerance. The shifts towards earlier optimum sowing days 370 
are given in number of days compared to the optimum sowing dates for the current cultivars. 371 
National-level results are presented in (a), while the results at regional level are presented in 372 
(b), (c), (d) and (e). Note that there was no change in long-term optimal sowing date with 373 
improved frost tolerance levels for half or more of the sites in the South resulting in zero 374 
median values (d). The optimal sowing dates were determined based on long-term average 375 
gross margin responses to sowing date for the studied period (1957-2013) over an extended 376 
potential sowing window (01-April to 30-June) at each site. For each boxplot, the central bar 377 
corresponds to the median across sites, the edges of the box are the 25th and 75th percentiles, 378 
(a) 
(d) (e) 
(c) (b) 
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and the whiskers extend to the most extreme values (average optimum sowing date for a site 379 
within the region). 380 
 3.1.2 Small improvements in frost tolerance in the Australian wheatbelt could substantially 381 
increase national economic benefits  382 
The quantification of direct and indirect yield and economic benefits requires accurate 383 
determination of (i) the losses in yields and gross margins (profits) from direct damage due to 384 
the frost events (‘direct benefit’) which represents the difference between yields and gross 385 
margins of the frost-tolerant and current genotypes at the optimal sowing date of current 386 
genotypes (FT0); and (ii) the gain in yields and gross margins of the virtual frost-tolerant 387 
genotypes for their optimal management practices, including adjusted planting date and 388 
nitrogen application based on increased expected yield and gross margin (‘indirect benefit’).  389 
Across the wheatbelt, average yields of 1.91, 2.05, 2.10 and 2.11 t ha–1 were simulated for FT0, 390 
FT1, FT2 and FT3–tot, respectively, for crops sown at the site sowing date that was optimum for 391 
the gross margin of current cultivar (FT0) (Fig. 4a). This correponds to direct yield benefits of 392 
0.14, 0.19 and 0.20 t ha–1 for FT1, FT2 and FT3–tot, respectively (Fig. 4b). Hence, most of the 393 
frost tolerance impact (70% and 95% of the total tolerance direct yield benefit of 0.20 t ha–1) 394 
were achieved by improving frost threshold tempertature to –1 and –2oC, respectively. 395 
Nationally, no further direct yield benefit was simulated when improving the frost tolerance 396 
to below –3oC (i.e. for FT4–tot). Overall, nation-wide, the direct yield benefit for total frost 397 
tolerance (i.e. FTtot) was estimated at 0.20 t ha
–1 on average, for simulations optimised for 398 
profit. 399 
 400 
 401 
 402 
 403 
 404 
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 429 
Fig. 4: Yield and economic benefits at national level of virtual genotypes with improved frost 430 
tolerance, simulated for ‘Current N’ application rates. Benefits were assessed by comparing 431 
(a) 
(b) 
(c) 
18 
 
performances optimised based on gross margin, for genotypes with different levels of frost 432 
tolerance (FT1-tot) to their respective current cultivar (FT0). Boxplots based on average yield 433 
values and average gross margins calculated for each site for the studied period (1957-2013) 434 
for the optimal long-term sowing dates (i.e. sowing date with the optimal long-term profits 435 
included in the sowing window from 01-April to 30-June). In each boxplot, the central bar is 436 
the median, the edges of the box are the 25th and 75th percentiles, and the whiskers extend to 437 
the most extreme values. Similarly results are given for each region in Fig. S1 (for yield), S2 438 
(yield benefit) and 5 (economic benefit). 439 
 440 
When adapting the sowing date to allow optimal profit for each genotype (i.e. adding indirect 441 
benefit owing to sowing), average yields of 2.10, 2.23, 2.30, 2.33, 2.34 and 2.35 t ha–1 were 442 
obtained for FT1, FT2, FT3, FT4, FT5 and FTtot, respectively (Fig. 4a). The direct plus indirect 443 
yield benefits were 0.19, 0.32, 0.39, 0.42, 0.43 and 0.44 t ha–1 for FT1, FT2, FT3, FT4, FT5 and 444 
FTtot, respectively (Fig. 4b). Hence, 43% and 73% of the total direct plus indirect yield benefit 445 
(0.44 t ha–1) were achieved by improving frost threshold temperature to –1 and –2oC (i.e. FT1 446 
– FT0, FT2 – FT0), respectively. Improvement of frost threshold temperature to below –3oC 447 
increased indirect yield benefits but not direct yield benefits at the national level (Fig. 4b).  448 
Overall, nation-wide direct plus indirect yield benefit was estimated at an average of 0.44 t ha–449 
1, thus representing a 23% increase for the national simulated yield.  450 
The trends in economic benefits were similar to those of yield benefits (Fig. 4c). For current 451 
cultivars sown at optimal sowing dates, average direct economic benefits of AUD 28 and 37 452 
ha–1 were obtained for FT1 and FT2, respectively; and a similar benefit of AUD 39 ha
–1 was 453 
obtained for FT3, FT4, FT5 and FTtot. Thus, the improvement of frost threshold temperature to 454 
only –1 and –2oC could led to 72% and 95% of the total potential marginal direct economic 455 
benefit (AUD 39 ha–1). By adapting to the optimal sowing date for each tolerant genotype, 456 
average direct plus indirect economic benefits reached AUD 43, 69, 81, 87 and 95 ha–1 for 457 
FT1, FT2, FT3, FT4 and FT5–tot, respectively. Improvement of the frost damage threshold 458 
temperature to –2oC was estimated at 95% of the total potential direct economic benefits (AUD 459 
39 ha–1) and 73% of the total potential direct plus indirect economic benefits (AUD 95 ha–1). 460 
 461 
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3.1.3 Regionally, substantial economic benefits of frost-tolerant genotypes are expected in 462 
the East and the West  463 
The effects of improved frost threshold levels differed among the regions for yield (Fig. S1-464 
S3) and economic benefits (Fig. 5, 6). The direct benefit of tolerant genotypes was much higher 465 
in the East and the West compared to the South-East and South regions (Fig. 5 and S2). Across 466 
regions, average direct economic benefits were estimated at: 467 
 AUD 40 and 62 ha–1 for the FT1 and FT2–tot , respectively, in the East;  468 
 AUD 33, 37 and 38 ha–1 for the FT1, FT2 and FT3–tot, respectively, in the South-East;  469 
 AUD 10 ha–1 for all tolerant virtual genotypes in the South;  470 
 AUD 42, 56 and 58 ha–1 for the FT1, FT2–3 and FT4–tot, respectively, in the West.  471 
Thus, the greatest potential direct benefits were achieved in the East at 0.24 t ha–1 (Fig. S2) 472 
and AUD 62 ha–1 by FT2, and in the West at 0.22 t ha
–1 (Fig. S2) and AUD 58 ha–1 by FT4.  473 
 474 
 475 
Fig. 5: Economic benefits of virtual genotypes with improved frost tolerance in the four 476 
regions with ‘Current N’ application rates. Benefits were assessed by comparing performances 477 
for genotypes with different levels of frost tolerance (FT1-tot) to their respective local current 478 
cultivar (FT0). For each boxplot, the central bar is the median, the edges of the box are the 25
th 479 
(a) (b) 
(c) (d) 
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and 75th percentiles, and the whiskers define the range of values. Results are presented for the 480 
nation in Fig. 4. 481 
Extra indirect economic benefit was achieved by changing the sowing date to the optimal 482 
sowing days of the improved frost tolerant genotypes. The average direct plus indirect 483 
economic benefit (Fig. 5) varied across regions, being on average:  484 
 in the East, AUD 53, 117, 149, 185 and 189 ha–1 for FT1, FT2, FT3, FT4 and FT5–tot, 485 
respectively;  486 
 in the South-East, AUD 42, 66, 69 and 75 ha–1 for the FT1, FT2, FT3 and FT4–tot, 487 
respectively;  488 
 in the South, AUD 12 and 22 ha–1 for FT1 and FT2–tot, respectively; and 489 
 in the West, AUD 51, 79 and 87 ha–1 for FT1, FT2 and FT3–tot, respectively.  490 
The potential of indirect benefit (by managing the sowing date) was thus remarkably high in 491 
the East compared to other regions at 0.57 t ha–1 (Fig. S2) and AUD 127 ha–1, which represents 492 
67% of the AUD 189 ha–1 total (direct plus indirect) economic benefits.  493 
Site-level spatial distribution of direct and direct plus indirect yield benefits (Fig. S1-S3) and 494 
economic benefits (Fig. 6) also highlighted that:  495 
(i) The direct benefits of frost tolerant genotypes were dominant in the West (Fig. S1-496 
2d, S3 and 6). Small improvements in frost tolerance of genotypes (FT1) resulted 497 
in most of the simulated direct yield and economic benefits in the West (Fig. S3 498 
and 6a,c,e); 499 
(ii) Yield and economic gains owing to the ability to advance sowing dates in the East 500 
were greater than those due to simulated improvement of frost damage per se, 501 
especially with larger improvements in frost threshold temperature (Fig. S1-2a, Fig. 502 
S3 and 6b,d,f);  503 
(iii) The advantages of changing the sowing dates for frost tolerant genotypes were 504 
smaller in both the South-East and South (Fig. S1-2b,c). 505 
 506 
 507 
 508 
 509 
 510 
 511 
 512 
 513 
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 542 
Fig. 6: Direct (left) and direct plus indirect (right) economic benefits per ha with the ‘Current 543 
N’ practice when (i) increasing the frost tolerance to –1oC (i.e. FT1–FT0; (a and b)), (ii) 544 
considering the additional economic gain achieved with a total frost tolerance (i.e. FTtot–FT1; 545 
(c and d)), and (iii) looking at the economic benefit between total tolerance and the current 546 
level (FTtot–FT0; (e and f)). The results for yield benefits are presented in Fig. S3. 547 
 548 
3.2. Frost-tolerant wheat crops cultivated with new fertilizer practices could 549 
bring additional yield and economic benefits to farmers 550 
In addition to indirect yield and economic benefits related to earlier sowing, the frost tolerant 551 
genotypes could also allow extra indirect benefits through increased fertiliser application. The 552 
benefits of additional fertiliser were quantified and compared with the results from current 553 
fertilisation practices (‘Current N’) described in the previous section.  554 
300 (AUD ha–1) 
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3.2.1 Effects on early sowing potential 555 
When testing new N fertilisation options to increase the gross margins of frost-tolerant 556 
genotypes, optimum sowing dates only slightly changed compared to results from the ‘Current 557 
N’ application rate (Fig. 3; Tables S1, S4). Here again, optimal sowing dates were mostly 558 
predicted to be in April or early May when totally removing the frost sensitivity (FTtot; Table 559 
S4). Additional fertiliser application partially negated early sowing potential, with optimum 560 
sowing dates being slightly later than those for ‘Current N’ by 1 to 4 days on average at the 561 
national level, depending on the frost tolerance level (Fig. 3a). This effect was most visible for 562 
FT2 and FT3 in the West (6 days later optimum on average) (Fig. 3e).  563 
3.2.2 National view: managing the nitrogen application would increase the economic benefits 564 
from frost-tolerant crops 565 
Applying additional N fertiliser allowed an increase in benefits from frost tolerant genotypes 566 
across the wheatbelt. First, optimum additional N slightly increased average profit of current 567 
cultivars (FT0) (Fig. 7a), which is expected as ‘Current N’ were based on current practices by 568 
growers who do not always take the risk of applying expensive nitrogen given variability in 569 
environmental conditions. More importantly, for frost tolerant genotypes, nation-wide average 570 
returns of AUD 60, 96, 118 and 121 ha–1 were achieved when applying additional fertiliser for 571 
FT1, FT2, FT3 and FT4–tot, respectively (Fig. 7a). These results correspond to an additional 572 
profit of AUD 17 (40%), 27 (39%), 37 (46%), 34 (39%) and 26 (27%) ha–1 on average, 573 
compared with the ‘Current N’ results for FT1, FT2, FT3, FT4 and FT5–tot, respectively; and a 574 
benefit of 38%, 60%, 74% and 76%, compared with the gross margin of current cultivar with 575 
the ‘Current N’ (baseline) for FT1, FT2, FT3 and FT4–tot, respectively. While optimal levels of 576 
additional nitrogen fertiliser varied depending on the level of frost tolerance (Table S5), the 577 
economic benefit of increasing the fertilisation was substantial for all of virtual genotypes 578 
examined, and the greatest for FT3 (Fig. 7a). 579 
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 580 
Fig. 7: Economic benefits of the current local cultivars (FT0) and virtual genotypes with 581 
improved frost tolerance (FT1-tot) at the national scale (a) and in the four regions (b,c,d,e) with 582 
current (‘Current N’) and optimised (‘Additional N’) fertiliser practices. For each boxplot, the 583 
central bar is the median, the edges of the box are the 25th and 75th percentiles, and the whiskers 584 
define the range of values. 585 
3.2.3 Regional view: effectiveness of additional nitrogen on frost-tolerant crops is expected to 586 
vary among the regions 587 
Additional nitrogen fertilisation was most effective in enhancing the economic gains from frost 588 
tolerant wheat genotypes in the West (Fig. 7e). In this region, additional fertiliser increased 589 
the average profit by AUD 46 ha–1 (i.e. 23%) with the current frost susceptible cultivars (FT0). 590 
By improving frost tolerance, adapting the sowing date and using additional nitrogen, the net 591 
economic benefits in this region were AUD 111 and 175 ha–1 for FT1 and FT2–tot, respectively. 592 
This corresponds to an additional AUD 60 (118%), 96 (122%) and 88 (101%) ha–1 on average 593 
for FT1, FT2 and FT3–tot, respectively, in comparison with the ‘Current N’ results; and a benefit 594 
(a) 
(b
) 
(c) 
(d
) 
(e) 
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of 58% and 91% for FT1 and FT2–tot, respectively, in comparison with the gross margin of 595 
current cultivars in the ‘Current N’ (i.e. a baseline). The potential economic benefit of 596 
additional fertilisation was thus substantial in the West (Fig. 7). In this region, it was estimated 597 
at up to an average of AUD 96 ha–1 thus contributing to 55% of the net economic benefit (AUD 598 
175 ha–1) if we neglect the small changes in sowing date that occurred when adjusting the 599 
nitrogen fertilisation in the ‘Additional N’ treatment (Figs. 2-3, Tables S1 and S4). The 600 
corresponding potential average yield benefit was 0.36 t ha–1 (data unshown).  601 
3.3. Economic benefits at the regional and national level – Frost tolerance in 602 
wheat could greatly increase returns to industry  603 
Economic benefits were estimated as a national benefit, by up-scaling the average regional 604 
benefits for farmers (per ha) by the size of each agro-ecological zone. The baseline revenue 605 
and profit values of current Australia wheat production were estimated to be about AUD 5,000 606 
million and 1,200 million per annum, respectively (Table 2). Note that agro-ecological zones 607 
with small production (e.g. QLD Burdekin, Tas Grain, WA Ord) were not considered in this 608 
study. The nation-wide direct economic benefits were estimated at up to AUD 700 million by 609 
totally removing the frost sensitivity of genotypes (FTtot) (Fig. 8a). Direct plus indirect benefits 610 
when adapting sowing practices were estimated at up to 1,430 million for those frost-tolerant 611 
crops (FTtot), and adapting their nitrogen fertilisation could add another AUD 450 million 612 
profit nationally, thus giving a potential total benefit of up to AUD 1,890 million of gains per 613 
annum. In other words, the national revenue for wheat when considering total frost tolerance 614 
(FTtot) increased by 14% for direct benefit, and by 29% and 38% for direct plus indirect 615 
benefits without and with additional nitrogen fertilisation, respectively (Fig. 8d). This 616 
corresponded to an increase in profit by more than 55% for direct frost benefit and by 115% 617 
and 150% for direct plus indirect economic benefits without and with additional nitrogen use, 618 
respectively (Fig. 8g).  619 
Given the uncertainty in the air-temperature threshold for which wheat crops experience post-620 
heading damage, national benefits are also presented for threshold temperatures of –1°C (FT1 621 
as a baseline; Fig. 8b, e, h) and –2°C (FT2 as a baseline; Fig. 8c, f, i) for comparison with our 622 
reference threshold temperature of 0oC (FT0 as a baseline; Fig. 8a, d, g). As expected, smaller 623 
benefits were estimated for a baseline of FT1 or FT2 compared to FT0, with national benefits 624 
of up to AUD 860 million per annum with FT1 as a baseline, or up to AUD 420 million per 625 
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annum with FT2 as a baseline (Fig. 8; Tables 3 and S6). With FT1 and FT2 as the baselines, 626 
most of the economic benefits were indirect, and could be achieved by adopting earlier sowing 627 
practices (Fig. 8; Tables 3 and S6). Overall, the annual economic benefits from frost tolerance 628 
were substantial at any of the three damage threshold temperatures examined. Breeding for 629 
improved frost threshold temperature in wheat can thus be seen as a highly effective way to 630 
increase profit in Australian wheat production. 631 
 632 
 633 
Fig. 8: National economic direct and indirect benefits of improved frost-tolerant virtual wheat 634 
genotypes (top row), the associated revenue increase (middle row), and profit increase (bottom 635 
row) without and with additional N fertiliser using FT0 (left column), FT1 (middle column), 636 
and FT2 (right column) as baseline threshold temperatures, respectively. Direct benefits (green 637 
bars) were based on long-term simulations performed with long-term optimised sowing dates 638 
of current cultivars (baselines) at each location. Direct plus indirect benefits (i.e. net benefits) 639 
without additional N fertilizer (blue bars) were assesed for optimised sowing dates of each 640 
considered genotype. Direct plus indirect (net) benefits with additional fertilizer (orange bars) 641 
were estimated for optimised sowing dates and fertilisation levels for each genotype. Benefits 642 
were assessed by comparing the performances of genotypes with different levels of frost 643 
tolerance (FT1-tot) to their respective local current cultivars (for FT0, FT1 and FT2 baselines). 644 
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Table 2: Estimated current wheat yield, cropping area, fertiliser cost and economic values (wheat price, revenue and gross margin) for each studied 645 
agro-ecological zone. The values of annual revenue and gross margin were estimated by using 10-year historical average values of wheat price 646 
(yearly variations presented in Table S2), wheat cultivated area (yearly variations presented in Table S3), input costs excluding fertiliser cost 647 
(details per item in Table 1), yield (sources: Neil Clark Business Intelligence, ABS) and fertiliser cost (sources: Neil Clark Business Intelligence, 648 
ABARES) for each studied agro-ecological zone. 649 
 650 
Agro-ecological zone 
Cropping area 
(ha) 
Yield 
(t ha–1) 
Costs (without 
fertiliser) (AUD ha–1) 
Fertiliser cost 
(AUD ha–1) 
Wheat price  
(AUD t–1) 
Revenue 
(AUDm yr–1) 
Gross margin 
(AUDm yr–1) 
QLD Central 155,350 1.6 284.6 85.8 246 62 4 
NSW NE/QLD SE 1,157,741 1.9 216.4 65.5 238 522 196 
NSW NW/QLD SW 877,887 1.3 202.8 61.6 237 279 47 
NSW Vic Slopes 1,189,397 1.7 213.6 71.3 235 478 139 
NSW Central 1,252,976 1.3 207.8 69.3 234 395 48 
SA Vic Bordertown-Wimmera 610,529 1.9 182.0 63.9 245 279 129 
SA Midnorth-Lower Yorke Eyre 798,613 2.1 223.6 68.5 253 419 185 
SA Vic Mallee 1,955,152 1.2 180.1 57.0 249 582 118 
WA Sandplain 346,687 2.0 241.8 110.6 263 182 59 
WA Central 2,340,187 1.7 243.0 107.1 264 1065 246 
WA Eastern 1,094,741 1.3 237.2 100.1 263 374 5 
WA Northern 868,217 1.6 242.0 110.6 263 367 61 
Total 12,647,477     5,004 1,237 
 651 
 652 
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Table 3: Total national economic benefits (AUD million) with FT0, FT1 and FT2 as baseline 653 
threshold temperatures, respectively. 654 
 655 
 Direct benefit with 
Current N 
Direct plus indirect 
benefit with Current N 
Direct plus indirect 
benefit with optimal 
Additional N 
FTtot – FT0 699 1431 1894 
FTtot – FT1 210 807 863 
FTtot – FT2 47 399 423 
 656 
Direct plus indirect economic benefits varied widely across the 12 studied agro-ecological 657 
zones (Fig. 9). With a current frost damage threshold temperature of 0°C (FT0), the greatest 658 
benefits occurred in the WA Central zone, reaching annually up to AUD 280 million when 659 
considering ‘Current N’ practices, and AUD 470 million when considering long-term optimum 660 
fertiliser levels. Frost tolerance was also estimated to have the potential to return more than 661 
AUD 200 million annually of direct plus indirect benefits in NSW NE/QLD SE, WA Eastern 662 
and NSW NW/QLD SW. By contrast, small economic benefits were estimated in the northern 663 
and coastal regions of Western wheatbelt, in one agro-ecological zone in the South and in QLD 664 
Central (Fig. 9). 665 
The impact of adapting nitrogen fertilisation for frost-tolerant genotypes were most significant 666 
in WA Central with AUD 190 million annual increase in benefit compared to the ‘Current N’ 667 
scenario (Fig. 9). Adding nitrogen also greatly benefited other agro-ecological zones, such as 668 
WA Eastern with AUD 100 million annual increase in benefit.  669 
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 670 
Fig. 9: Direct plus indirect economic benefits in the 12 studied agro-ecological zones. Direct 671 
plus indirect economic benefits without (blue) and with (orange) additional nitrogen effect are 672 
presented for virtual genotypes with improved frost threshold to –1oC (FT1), –2oC (FT2), –3oC 673 
(FT3), –4oC (FT4), –5oC (FT5), or total frost tolerance (FTtot). The legend in the top left corner 674 
gives the scale for all graphs and colours for columns with the example of data from the ‘WA 675 
Eastern’ agro-ecological zone. 676 
4. Discussion 677 
The present economic analysis provides quantitative estimations of economic impacts of post-678 
head emergence frost damage in Australian wheat cropping systems. Estimates of the 679 
economic benefits of frost tolerant virtual genotypes with various levels of tolerance were used 680 
to estimate income forgone due to frost. Economic benefits were estimated at the crop, 681 
regional, agro-ecological, and national levels, either per hectare or in terms of total benefits in 682 
AUD. The analysis quantifies the yield and economic impacts using an optimal profit approach 683 
based on long-term optimum sowing date, and estimating the costs and benefits associated 684 
with new management practices facilitated by frost tolerant genotypes (earlier sowing dates 685 
and/or additional nitrogen fertilisation levels). In addition, the results from this study provided 686 
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(i) quantification of the average yield benefits, which could be more than 1 t ha–1 at some sites 687 
(Fig. S3) which is more than the maximum of 1 t ha–1 found when considering a narrower 688 
sowing window and no additional nitrogen (Fig. 6 in Zheng et al., 2015); and (ii) 689 
recommendations for long-term optimal sowing dates without (Table S1) and with (Table S4) 690 
additional fertilisation, and long-term optimal additional nitrogen levels (Table S5), should it 691 
become possible to introduce a source of frost tolerance into Australian wheat cultivars.  692 
4.1 Impact of frost in the Australian economy 693 
The wheat industry is a major contributor to Australian agricultural production. For instance 694 
in the reported year 2012-13, Australia produced almost 23 million tonnes of wheat (ABARE 695 
2013), and more than 80% of this wheat was exported, earning the Australian industry more 696 
than AUD 6 billion. Occurrence of extreme climate events, such as frost events, can seriously 697 
affect Australian production (Fuller et al., 2007). For instance, a late frost (recorded –2oC at 698 
Nhill and Longerenong) on 28 October 1998 impacted the Wimmera region (Victoria state), 699 
with yield losses estimated at 60% in wheat and an estimated cost of AUD 200 million across 700 
crops in the region (Vallance et al., 2009).  701 
The economic analysis suggests that with optimal planting window and optimal nitrogen 702 
fertilisation, frost tolerance could benefit the Australian wheat industry by up to AUD 1890 703 
million per annum (Fig. 8a). The estimated benefits could certainly be less when considering 704 
potential changes in the market prices due to high volumes of production, change in grain 705 
quality affecting wheat price, changes in the gross margin when considering higher harvesting 706 
costs (which were not included in the analysis), or changes in the temperature threshold under 707 
which current wheat cultivars experience post-heading frost damage (Fig. 8b and c). Our 708 
results are, however, comparable with those for other stresses affecting the Australian wheat 709 
industry such as heat shocks, estimated to cost AUD 1100 million (source: Agtrans, 2015), the 710 
Karnal bunt disease estimated costing AUD 491 million (in 1998 prices; Murray and Brenan, 711 
1998); or cold tolerance affecting rice, which cost an estimated AUD 23 million to the 712 
Australian rice industry in 2005 (Singh et al., 2005). Note that the cropping area of wheat is 713 
about 100 times as much as that of rice in Australia, and that a new cold-tolerant rice variety 714 
with 3oC lower damage threshold was estimated to lead to AUD 142 ha–1 in productivity gains 715 
(Singh et al., 2005). In wheat, the current study estimated at AUD 101 and 134 ha–1 the gains 716 
from a totally frost-tolerant wheat genotype, which included gains due to early sowing, without 717 
and with additional nitrogen, respectively. Thus, estimated gains for improved frost tolerance 718 
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in wheat were of a similar order of magnitude to those for other major stresses affecting wheat 719 
and to those for improved cold tolerance in rice. 720 
4.2 Assumptions related to the simulations 721 
The current study provides an estimate of the extent and economic impact of frosts for wheat 722 
in Australia. That said, there are inherent assumptions and some difficulties in estimating 723 
certain parameters for any such analysis, which should be considered when interpreting the 724 
results. These include challenges in quantifying both the occurrence and the physiological 725 
impacts of frost. For example, due to high variation in radiant frosts with local topography, it 726 
is difficult to estimate post-heading frost damage at the shire level using data from a small 727 
number of sites (Dixit and Chen, 2010, 2011). Frost impacts on crop physiology, including the 728 
damage threshold temperature have been based on expert opinion but their incorporation in a 729 
crop model has been done without any direct field testing, partly due to difficulty of obtaining 730 
frosted-trial data (Zheng et al., 2015; Bell et al., 2015; Barlow et al., 2015). Crop simulations 731 
here used historical weather data with minimum temperatures recorded in Stevenson screens 732 
and not directly on actual plant temperatures (Frederiks et al., 2011) as such data are not 733 
available at a national scale. As a result, the baseline temperature of 0oC used in this study may 734 
be conservative and may overestimate the occurrence and yield impact of damaging frosts in 735 
certain conditions. Nevertheless, the data are presented for a range of frost intensities, making 736 
it is possible to interpret the results related to lower baseline temperatures (e.g. FT1 or FT2), as 737 
done for the national analysis (Fig. 8, Tables 3 and S6).  738 
Economic benefits were based on simulations related to long-term optimum sowing dates (for 739 
both current and virtual frost-tolerant genotypes) and/or adjusted fertilizer applications, 740 
meaning that the study didn’t account for the range of practices applied within and among 741 
farms in a region, in particular in terms of the actual management practices or cultivars used 742 
within each region. The simulations performed here did not estimate any losses due to biotic 743 
stresses (pests and diseases), nor other extreme events such as heat-stress or storm damage. 744 
Furthermore, the yield increase allowed by frost-tolerant crops is expected to change wheat 745 
quality, and thus likely wheat prices. No change in price was simulated here, even though 746 
wheat price varies widely from season to season (e.g. variation between AUD 198 t–1 and AUD 747 
370 t–1 over 2002-2012 for QLD Central; Table S2). An increase in yield facilitated by 748 
improved frost tolerance could also have an impact on the wheat price globally, given that 749 
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Australia is the 4th largest wheat exporter and that other major producers would also benefit 750 
from such improvement. 751 
4.3 The potential value of breeding for frost tolerance 752 
To consider the benefits from breeding for different levels of frost tolerance, this study 753 
reported results for virtual cultivars with a range of frost-tolerance levels. The benefits of frost 754 
tolerance varied greatly across regions. In the West, most of the simulated yield and economic 755 
benefits were achieved by reducing the damage threshold temperature of virtual genotypes 756 
from 0oC to –1oC in particular in association with optimal additional fertiliser management, 757 
without the need to adapt sowing dates (Fig. 5d, 6 and 7e). In the East, substantial yield and 758 
economic increases were simulated for improving frost tolerance from 0oC to –1oC, but further 759 
significant benefits were achieved from –1oC to –2oC, –2oC to –3oC, and –3oC to –4oC (Fig. 760 
5a and 7b). Importantly, improved genetic frost tolerance allowed earlier sowing and resulted 761 
in remarkable yield and economic gain in the East. It is worthwhile to note that the current 762 
study may overestimate the benefits, particularly for temperatures close to zero which is 763 
particularly important when interpreting the results for the West where a large effect was 764 
predicted for a change in the damage threshold from 0oC to –1oC. 765 
5. Conclusions  766 
In this study, more than 85 million simulations from the crop model APSIM-Wheat were 767 
integrated with economic modelling to quantify the economic impact of frost (or economic 768 
benefits of improved frost tolerance) for Australian wheat production. Assessments were 769 
performed for long-term optimum sowing dates, without and/or with additional nitrogen 770 
fertiliser to identify potential benefits associated with earlier sowing and/or new nitrogen 771 
management practices. 772 
Regionally, the effect of improved frost tolerance and associated changes in management 773 
practices varied. In the West, the improved frost tolerance directly enhanced profits, especially 774 
when combined with additional fertiliser. In the East, profits were also remarkably increased, 775 
including when sowing crops earlier. 776 
Nationally, the improvement of frost tolerance by 2oC allowed most of the frost tolerance 777 
(‘total insensitivity’) to be achieved, and resulted in an estimated increase by 50%, 80% and 778 
115% of the current national profits, owing to the direct benefit, direct plus indirect benefit 779 
32 
 
with ‘Current N’, and direct plus indirect benefit with ‘Additional N’, respectively. Overall, 780 
frost tolerance was estimated to potentially increase the national economic benefits by AUD 781 
700, 1430, and 1890 million per annum when considering total frost tolerance for direct 782 
benefit, and direct plus indirect benefit without and with adjusted fertilisation level, 783 
respectively. Given the uncertainty in the threshold temperature (measured in a Stevenson 784 
screen) under which current wheat crops are affected by post-heading frost, economics 785 
estimates for the reference threshold of 0oC were also performed for threshold of –1oC and –786 
2oC. This resulted in national benefits estimated at up to AUD 860 and 420 million per annum, 787 
for baseline thresholds of –1oC and –2oC, respectively. In other words, improving frost 788 
tolerance could result in a substantial increase in national income if complete frost tolerance 789 
could be developed in wheat.  790 
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